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INTRODUCTION 26
Management of end-of-life tyres (ELTs) has become a critical problem worldwide due to the 27 increasing number of vehicles circulating in the road network and to the crucial role that mobility has 28 assumed in society development. Since landfill disposal has been banned in most Countries, 29 alternative final destinations have been sought, with a major effort being placed in trying to exploit 30 in the most efficient manner the high energy potential of ELTs. Nevertheless, due to the fact that 31 rubber employed in tyre fabrication is the result of specialized materials' selection, recycling and 32 reuse seem to be preferable options for such a high-quality waste material (Santagata and Zanetti, 33 2012) . 34
Practical experience and research have shown that crumb rubber (CR) derived from grinding of 35
ELTs may be successfully used as a bitumen modifier or as a supplementary component in the 36 production of bituminous mixtures employed for the construction and maintenance of road 37 pavements. Available technologies can be grouped into two main categories which are associated to 38 the so-called "wet" and "dry" production processes. Within each group, different versions of the 39 technology have been conceived and subjected to trials either in the laboratory or at the industrial 40 scale, in the constant attempt of exploiting more efficiently the performance-related benefits of CR. 41
In the "wet" process, CR is preliminarily mixed with bitumen, thus obtaining a ductile and elastic 42 modified binder, known as "asphalt rubber" (ASTM D6114-09) , that is then combined with 43 aggregates in the hot mix plant. Resulting mixtures are generally of the gap-graded (GG) or open-44 graded (OG) type, characterized by a very high binder content (of the order of 7.5-10% b.w. of dry 45 aggregates) and by a non-continuous particle size distribution that allows CR to be accommodated 46 within the composite material. GG and OG mixtures are employed for the formation of surface 47 courses and have earned a satisfactory reputation with respect to field performance (Hicks, 2002) . 48
In the "dry" method, CR is introduced in the production flow of bituminous mixtures as a 49 supplementary component, substituting part of the aggregates and providing enhanced elastic 50 response under loading Santagata et al., 2013) . Mixtures are usually of 51 the dense-graded (DG) type, with a continuous particle size distribution and an optimal binder 52 content (usually of the order of 5-6%) which is only slightly higher than that adopted for standard 53 mixtures containing no recycled rubber (Buncher, 1995) . Unfortunately, the performance record of 54 these mixtures has been quite inconsistent, with the frequent occurrence of early ravelling 55 phenomena and moisture-related damage (Amirkhanian, 2001; Caltrans, 2005) . This also explains 56 the limited diffusion of such a technology, with full-scale applications that have been generally 57 carried out locally rather than at the network level. 58
For both the abovementioned technologies, concerns have been raised on the use of CR in 59 bituminous mixtures with respect to its potential contribution to gaseous emissions during production 60 and laying, and to the possible consequences which it can cause on the health of construction 61
workers. However, a limited number of experimental studies have been carried out on this specific 62 topic, with no clear quantification of the actual hazardous effects of CR (Watts et al., 1998; Burr et 63 al., 2001; Stout and Carlson, 2003) . 64
The Authors have recently contributed to this area of technical knowledge by applying to pavement 65 works risk analysis concepts developed in previous studies focused on the evaluation and 66 remediation of contaminated sites (Marescalco and Zanetti, 2010; Zanetti et al., 2013b) and on the 67 approval of the use of CR in artificial turf sports fields . In particular, by 68 considering the results of analyses carried out on gaseous emissions sampled on site or in the 69 laboratory in controlled conditions, comparisons have been made between bituminous mixtures 70 containing CR (produced by employing both the "wet" and "dry" technology) and bituminous 71 mixtures of the standard type (Zanetti et al., 2013a (Zanetti et al., , 2014a (Zanetti et al., and 2014b . 72
Based on the Authors' experience, it can be concluded that CRs deriving from different sources and 73 processes yield effects on field performance and emissions of bituminous binders and mixtures 74 which may change considerably depending upon their physical and chemical properties. In turn, 75 these are dictated by the characteristics of ELTs subjected to processing and by the phenomena 76 which occur during the various phases of ELT treatment (shredding, magnetic separation, 77 granulation, milling and sieving). 78 is always added to the heated aggregates before coming in contact with bitumen. When this 131 condition occurs, even though CR particles are not digested in bitumen, they do absorb part of its 132 aromatic fractions. However, such an interaction takes place in non-controlled conditions, starting 133 from the mixing process in the plant and progressing throughout the early phases of service life 134 . Studies performed in the past have shown that in this respect beneficial 135 effects can be obtained by pretreating CR by means of function-specific catalysts (Epps, 1994) or 136 extender oils (Newcomb et al., 1994; Khalid and Artamendi, 2002) . 137
CR selection and acceptance 138
Selection and acceptance of CR for use in asphalt rubber classically relies upon the requirements that 139 have been set in ASTM D6114. These are expressed in terms of cleanliness (fiber content < 0.5%; 140 metal content < 0.01%), moisture content (< 0.75%), density (equal to 1.15 ± 0.05) and maximum 141 particle size (2.36 mm). However, the standard also specifies that the exact size distribution of CR 142 should be agreed upon between producer and end-user. 143
Based on experience and local tradition, in other contexts requirements may be slightly different. As 144 an example, technical specifications of the California State Department of Transportation require the 145 use of natural and synthetic rubber in given proportions and provide size distribution acceptance 146 intervals which should be satisfied by single CR components (Caltrans, 2003) . 147
In the case of the "dry" production technology, depending upon the desired effect on the resulting 148 bituminous mixture, CR can be employed with different size distributions, ranging from "ultrafine" 149 (entirely passing the 0.3 mm sieve) to "coarse" (passing the 6 mm sieve and totally retained on the 150 2.36 mm sieve) (Caltrans, 2005) . Since it has been recognized that size distribution (and related 151 specific surface area) is the main factor controlling performance properties of "dry" mixtures, 152 specific requirements are usually not set on other CR characteristics. 153
Physical and rheological properties of asphalt rubber are also subjected to acceptance requirements 154 in technical specifications. This is done either by referring to the results of classical empirical tests 155 (penetration, softening point, etc.) or by considering viscoelastic properties measured at 156 representative temperatures, frequencies and ageing conditions. All evaluation systems also include 157 acceptance criteria referred to apparent viscosity, which is typically required to be comprised 158 between 1500 and 5000 mPa·s. Such a property, which refers to the flow behavior of asphalt rubber, 159 is considered as a good quality indicator that can be also measured on site, from storage tanks, with 160 portable hand-held viscometers. 161 162
EXPERIMENTAL INVESTIGATION 163
The investigation described in this paper was carried out by considering 16 CRs sampled from 9 164
Italian and 2 foreign plants. Experimental activities included field surveys, during which processing 165 plants were examined in detail, and laboratory investigations, which focused on CR physical and 166 chemical characterization. Tests were carried out in the "Road Materials Laboratory" (RML) and in 167 the "Environmental Chemistry Laboratory" (ECL) of the Politecnico di Torino 168
Plant surveys 169
Treatment processes of the plants which were considered in this study are synthetically described in 170 Table 1 . The majority of them (9 out of 11) operate by mechanical size reduction at ambient 171 temperature, one is of the cryogenic type (G) and one relies upon the waterjet technology (H). 172
With respect to ambient size reduction processes, it can be observed that the number and type of 173 consecutive working phases changes considerably, thus affecting the characteristics of final products. 174
In general terms, more recent plants (e.g. B and E) tend to have multiple iron magnetic separation 175 phases in order to ensure a greater purity of CRs; moreover, multiple shredding/milling phases may 176 be combined with the purpose of increasing production flexibility (i.e. of widening the range of 177 possible CR products). 
CR chemical characterization 184
Chemical characterization of CR consisted in the determination of the contents of metals, volatile 185 organic compounds (VOCs), polycyclic aromatic hydrocarbons (PAHs) and elemental analysis 186 (carbon, hydrogen, nitrogen and sulfur). Since there are no fixed standards which define procedures 187 for CR characterization, tests were carried out by following protocols which were developed for such 188 a purpose in the ECL. In all cases, duplicate measurements were performed for each test. 189 Metals were determined by using an inductively coupled plasma optical emission spectrometer . Test samples were obtained by subjecting 0.1 g of CR to treatment in a microwave digestion 191 unit in the presence of 1 ml perchloric acid (70%, Merck) and 3 ml of nitric acid (65%, Riedel de 192 Haen, Sigma Aldrich). After digestion, samples were filtered (Whatman filters, 2.7 micron retention 193 grade) and then transferred to 100 ml flasks where they were brought to full volume by means of 194 distilled water. In ICP-OES analyses, elements which were detected through their electromagnetic 195 radiation after excitation included those which derive from residues of the metal structure of tyres 196 and those which are present due to contamination. 197
Determination of VOCs and PAHs was carried out by means of solvent extraction and 198 gas-chromatographic analysis. A 2 g CR sample was extracted with 20 ml of CH2Cl2 kept for 20 199 minutes in a microwave oven set at 600 W. Analyses were then performed by using an Agilent 200 7890/5975 gas chromatograph equipped with a HP5-MS capillary column (30m0.25mm0.25μm) 201
and combined with a mass spectrometer detector (GC-MS). VOC and PAH compounds were 202 considered in the investigation since they are potentially toxic or carcinogenic substances. 203
Carbon, hydrogen, nitrogen and sulphur contents were determined by employing a Flash 2000 204 ThermoFisher Scientific CHNS analyzer which operates according to the dynamic flash combustion 205 technique on 2-3 mg CR samples. After combustion of the sample, reaction gas products were 206 carried by helium flow to a copper-filled layer, then through a GC column that provided separation 207 of the combustion gases and finally detected by a Thermal Conductivity Detector. 208
CR physical characterization 209
Physical characterization of CR was carried out by means of laboratory tests for the determination of 210 particle size distribution, density, cleanliness, particle morphology and specific surface area. 211
Particle size distribution was evaluated in dry conditions by making use of sieves of the Tyler series 212 (ASTM E-11, 2000) . Since electrostatic effects may make this type of analysis quite difficult, 213 especially in the presence of high percentages of very fine material, intense mechanical agitation of 214 the sieve column was required. At least three repetitions were considered necessary in order to have 215 representative results. Data was also cross-checked with those derived from image analysis, 216 described further on in the context of morphology evaluation. 217 Density () at 25°C was measured with the pycnometer method (EN1097-7, 2008) by employing 218 ethylic alcohol as fluid of known density in order to prevent particles from floating to the surface. 219
Relative density (i.e. specific gravity, SG) was thereafter calculated by referring measured density to 220 that of water at the same temperature. 221
Evaluation of the degree of cleanliness (presence of textile fibers, metal residues and other 222 contaminants) was performed in qualitative terms by means of observations with a stereomicroscope. 223
For such a purpose, images were acquired with a digital camera and thereafter visually examined. 224
Use of stereomicroscope observations was also the starting point of the technique used for the 225 assessment of morphological characteristics and for the estimate of surface area (Santagata et al., 226 2012) . However, in this case the plan-view digital image of the set of considered particles was 227 processed with a freeware software (ImageJ, version 1.45, National Institutes of Health) which 228 allows the identification and geometrical description of each particle. 229
The following morphological parameters were directly calculated from image analysis results: 230  average value of the shape coefficient (Cf), given by the ratio between the maximum and 231 minimum Feret diameters (maxF and minF) of each particle; 232  average value of the solidity coefficient (Cs), given by the ratio between the area of each particle 233 (Aparticle) and the minimum convex area (Aconvex) in which it is enclosed. 234
Surface area per unit mass (SAm) was calculated by making use of the following expression: 235 Corrective factor  was derived from image analysis results by making use of analytical models 243 which allow calculation of surface area per unit volume (SAv) by referring to sets of ideal particles 244 with different shape and roughness characteristics . In particular,  was 245 obtained as the product of two distinct corrective factors, f and r, which separately take into 246 account the effects of shape and roughness, respectively. 247
RESULTS AND DISCUSSION 249
Results recorded during laboratory tests are synthesized in Tables 2-7 and in Figures 1-7. In general  250 terms, as expected, it was found that sampled CRs represent a very broad spectrum of products for 251 paving applications which may constitute a valuable reference database for future use. As discussed 252 in the following, data analysis was carried out by highlighting relevant differences between products 253 and by searching for relationships between investigated characteristics. 254
By taking into account measured size distribution, as required by the EN standard currently under 255 development (CEN/TS 14243, 2010), CR samples were associated to alphanumeric codes given by 256 the label of the production plant (from A to K) and the interval comprised between D10 and D90 257 (sieve openings corresponding to 10% and 90% passing, respectively). Thus, it was found that 258 considered CRs can be grouped into three categories: "coarse" (D90 > 1.0), "standard" (0.5 ≤ D90 ≤ 259 1.0) and "fine" (D90 < 0.5). In such a context it should be mentioned that CR H 0-0.7, derived from 260 waterjet production, although technically allocated to the "standard" category, has very peculiar 261 characteristics as a consequence of its very broad size distribution which combines the presence of 262 coarse particles (with size up to 2 mm) with a very high content of fines (14.3% passing the 0.063 263 sieve). 264
Particle size distribution curves are displayed in Figures 1a and 1b, while Table 2 lists the values of 265 descriptive size distribution parameters which include D10 and D90, D50 (which provides a measure of 266 the overall coarseness/fineness), D80/D20 (a uniformity factor which quantifies overall width of size 267 distribution) and P0.063 (percent passing the 0.063 sieve, corresponding to the content of the very fine 268 particles). 269
It can be observed that among the "standard" CRs, considered as typical candidates for use in the 270 production of asphalt rubber ("wet" process), the main factor which allows them to be discriminated 271 is P0.063, which in fact is especially high in the case of the waterjet (H 0-0.7) and cryogenic 272 (G 0.2-0.6) products. This observation proves that within a given category of CRs, significant 273 differences in terms of size distribution can generally stem only from variations of production type. 274
Similar observations apply to the category of "fine" CRs, usually employed for special applications 275 as a result of their higher market value. It can be observed that plant B, which in comparison to the 276 others (A and C) has a greater number of shredding/granulation/milling phases, yields the product 277 with the highest percentage of very fine particles (P0.063 equal to 59.9%). 278
No specific comments can be made on the "coarse" CRs due to the similarity of the two considered 279 products and plants. 280 Basic physical characterization of CRs was completed by performing laboratory tests for the 283 evaluation of density  (and specific gravity, SG). Corresponding results, listed in Table 2, are  284 comprised within a narrow variation range ( = 1.158-1.223 g/cm 3 ; SG = 1.160-1.225), and show 285 that most of the CRs of the "standard" category meet requirements set by ASTM (SG = 1.15 ± 0.05) 286 for products to be used for the production of asphalt rubber. The most relevant deviation is exhibited 287 by cryogenic CR G 0.2-0.6, which has a very high density value (1.223 g/cm 3 ), probably as a result 288 of the peculiar morphological properties of its particles (cuboid-shaped and very smooth). 289
Since CR-bitumen interaction and properties of the resulting binder/matrix are strongly dependent 290 upon particle morphology and specific surface area, these characteristics were assessed by means of 291 adequate models applied to image analysis results derived from microscope observations. Examples 292 of post-processing images of two CRs are shown in Figure 2 , while results of the consequent 293 analytical evaluation are given in Tables 3a and 3b and in Figures 3 and 4 . 294
Morphological coefficients Cs and Cf were calculated from the geometry of the projection of CR 295 particles on the horizontal plane. While Cf refers to the degree of elongation, Cs reveals the presence 296 of surface irregularities which are responsible for a significant increase of total perimeter (and thus, 297 in the three-dimensional situation, of surface area). 298
It was observed that low Cf values, typical or regularly-shaped particles which are those desired for 299 the preparation of homogeneous blends/mixtures, may be accompanied, depending upon the specific 300 features of each CR (and of the originating production process), by either high or low values of Cs. 301 This is clearly shown in the shape-roughness mapping plot of The above described variability of particle size distribution and morphological characteristics has an 321 effect on the specific surface area (per unit mass) of analyzed CRs, which is reported in Tables 3a  322   and 3b.  323 As expected, the highest and lowest surface area values are respectively associated to the "fine" and 324 singularities were related to specific aspects of production, such as treatment (number and type of 330
ELT processing phases) and feed (type and conditions of ELTs, presence of non-ELT rubber). 331
Elemental analysis showed, as expected, that percentages of carbon and hydrogen are similar for all 332 CRs, with the exception of "coarse" ones (I 0.6-1.5 and J 0.9-2.2). Such a result is coherent with 333 density (and specific gravity) data, listed in Table 2 , which exhibit a similar uniformity, with the 334 exception of cryogenic product G 0.2-0.6, and do not reveal an explicit dependency from the specific 335 features of production processes. 336
Nitrogen and sulphur contents, lower in absolute value, were found to be slightly more variable. The 337 latter element, used for rubber vulcanization, may be an indicator of the possible use of different 338 percentages of car vs. truck ELTs, of the selection of ELTs in specific conditions (depending upon 339 tread wear) and/or of the introduction in the processing plant of additional materials such as non-340 vulcanized (raw) rubber and scrap rubber from other production processes. 341
Regardless of the elemental composition uniformity described above, CR samples were found to be 342 significantly different in terms of their level of cleanliness and purity, which was assessed by 343 evaluating content of metals by means of ICP-OES analyses. This can be appreciated by considering 344 the experimental data provided in Table 5 and in Figures 5a and 5b , where only the most relevant 345 elements have been displayed. 346
Whenever two different CRs were sampled from a same plant, metal content was found to be higher 347 in the finer fraction (i.e. products from plants A, B, C, I and J). This is due to the fact that as particle 348 size is reduced, separation of different components (rubber, steel, textiles) is more difficult. 349 All products were found to have a zinc content greater than 1%, presumably due to the 365 corresponding oxide that is used as a vulcanisation aid in the rubber production process. 366
The significant variability of plant configuration in the case of ambient size reduction processes does 367 not allow a straightforward comparison between the three technologies in terms of cleanliness and 368 purity. However, results obtained for products G 0.2-0.6 and H 0-0.7 suggest that the cryogenic 369 treatment may provide a better means for rubber-metal separation than waterjet blasting. 370
The observations provided above, based on analytical measurements, were supplemented by visual 371 analyses of microscopic images which focused on the detection of foreign impurities (metals and 372 textiles) not included in the rubber matrix. Examples of the assessment performed on the two CRs 373 produced by plant C are given in Figure 6 . 374 CR samples were subjected to laboratory tests for the determination of VOCs and PAHs since there 375 are concerns whether the presence of recycled rubber in bituminous mixtures can affect the toxic and 376 carcinogenic potential of gaseous emissions produced during laying on site. However, it should be 377 pointed out that such an analysis was included in this study for comparative purposes only, since the 378
Authors have already highlighted the fact that the dominating factors which control VOCs and PAHs 379 released in the environment are bitumen type and quantity (Zanetti et al., 2013a and 2014a) . 380
Results of VOC and PAH analyses are listed in Tables 6 and 7 and are synthetically represented, by  381 referring to total contents, in Figure 7 . 382 Figure 6 . Examples of visual assessment of degree of cleanliness of two CR samples. 383
In the case of ambient size CRs, it can be postulated that results are dependent not only on plant feed 384 (type and wear conditions of ELTs, possible presence of non-ELT rubber) but also on two additional 385 factors which have a direct effect on the release of organic compounds in the environment during CR 386 production. Both factors should be taken into account since they may cause a reduction of VOCs and 387
PAHs which can be detected in the laboratory on the final product. 388
The first relevant factor is energy dissipation, which occurs, in the form of heat, during shredding 389 and milling operations. Thus, as the number of such phases is increased, for example when passing 390 from "coarse" to "standard" (or "fine") products, lighter organic compounds in the CR are bound to 391 be reduced. This is the case of products derived from plants I and J, which exhibit a total VOC 392 content which decreases when considering finer products obtained by supplementary milling. 393
However, it is uncertain whether the same explanation can be given for VOC data obtained on 394 products coming from plants A, B and C, since the fine fractions may have been derived from the 395 "standard" ones only by means of additional sieving (which causes no heating effects). 396
The second relevant factor is specific surface area. In fact, for a given production temperature, loss 397 of VOCs is presumably more intense as specific surface increases and, as a consequence, CRs with a 398 higher SAm are expected to yield lower VOCs in laboratory analyses. As shown in Figure 8 , such a 399 physical expectation is matched by results found for CRs from plants A, B and C (and, to a more 400 limited extent, from I and J) being the finer products those which possess a higher SAm value. 401 PAH contents do not show the same straightforward particle size and surface area dependencies of 404
VOCs. This is coherent with the fact that such compounds, in the typical conditions which occur 405 during ELT processing, are less prone to be released in the environment and are therefore mostly 406 maintained within the rubber matrix of the final product. 407
Results obtained on CRs derived from cryogenic and waterjet production (G 0.2-0.6 and H 0-0.7) 408 cannot be explained by referring to the same hypotheses outlined above since milling occurs in 409 temperature conditions which are more tightly controlled. Thus, they should be considered mainly as 410 a consequence of the characteristics of materials fed to production and do not allow any 411 interpretation theory to be proposed. 412 413
CONCLUSIONS 414
Experimental data collected in the study described in this paper show that CRs for paving 415 applications may have, depending upon their production process, physical and chemical properties 416 which are comprised within very broad variation ranges. Such an observation is extremely relevant 417 since significant variations may be reflected, as a consequence, in the bituminous materials in which 418
CRs are included (either "wet" asphalt rubber binders or "dry" bituminous mixtures). Thus, several 419 key elements should be taken into account in the production of CRs and in their performance-420 oriented selection. 421
In order to maximize bitumen-CR interactions, which are of premium importance in asphalt rubber 422 binders, evaluation of specific surface area should be included in CR standard characterization 423 procedures. In fact, experimental data show that surface area depends upon particle size distribution, 424 which can be controlled by adequately combining shredding, milling and sieving operations, and by 425 particle morphology, which can be mapped by referring to image analysis parameters. Diameter with 10% passing (D10) [mm] 0 Table 3a . Morphological parameters and surface area of the CR samples (plants A to E). Table 4 . C, H, N and S contents of the CR samples. Table 6 . VOC contents (in mg/kg) of the CR samples. Table 7 . PAH contents (in mg/kg) of the CR samples. 
